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2I. INTRODUCTION
Standard eletromagneti Compton sattering provides a unique tool for studying hadrons, whih is one of the
most fasinating frontiers of modern siene. In this proess the relevant Compton sattering amplitude probes the
hadron struture by means of two quark eletromagneti urrents. We argue that replaing one of the urrents with
the weak interation urrent an promise a new insight.
The paper is organized as follows. In Se. II we briey disuss the features of the handbag fatorization sheme. We
introdue a new set of phenomenologial funtions, known as generalized parton distributions (GPDs) [1, 2, 3, 4, 5, 6℄,
and disuss some of their basi properties in Se. III. An appliation of the GPD formalism to the neutrino-indued
deeply virtual Compton sattering in the kinematis relevant to future high-intensity neutrino experiments is given in
Se. IV. The ross setion results are presented in Se. V. Finally, in Se. VI we draw some onlusions and disuss
future prospets.
Some of the formal results in this paper have appeared in preliminary reports in Refs. [7℄ and [8℄, whereas a ompre-
hensive analysis of the weak neutral and weak harged urrent DVCS reations in ollaboration with W. Melnithouk
and A. Radyushkin has been presented in Ref. [9℄. Neutrino sattering o nuleons for neutral and harged urrents
was also disussed in Refs. [10℄ and [11℄, respetively.
II. HANDBAG FACTORIZATION
The underlying theory of strong interation physis is the universally aepted nonAbelian gauge eld theory
known as quantum hromodynamis (QCD). The theory postulates that hadrons are omposite objets made up
of quarks, and that the olor interation between them is mediated by gluons as the gauge bosons. In priniple,
QCD embraes all phenomena of hadroni physis, in other words, the fundamental building bloks of hadrons (i.e.
quarks and gluons) are known, and further the interations between them are desribed by the well-established QCD
Lagrangian. Nevertheless, knowing the rst priniples is not suient. The main diulty is that QCD is formulated
in terms of olored degrees-of-freedom, while the physial hadrons observed in the experiments are olorless. How to
translate the information obtained from the experiments at the hadroni level into the language of quark and gluon
elds has yet to be answered, and it represents a hallenging task.
One way to takle this problem is to onsider projeting these elds onto the hadroni states, and then use dierent
phenomenologial funtions (e.g. form fators, parton distribution funtions (PDFs), distribution amplitudes and
GPDs) to desribe the resulting hadroni matrix elements. The key idea of this approah is the handbag fatorization.
Aording to this property, in the spei kinematial regime featuring the presene of a large invariant, suh as the
virtuality of the probe or the momentum transfer, the amplitude of the proess splits into the hard (short-distane)
part with only one ative parton propagating along the light-one and the soft (long-distane) part represented
by the lower blob, see Fig. 1. The asymptotially free nature of QCD allows us to ompute the short-distane
interations by means of perturbation theory, whereas the nonperturbative stages of interations are expressed in
terms of well-dened quark-gluon operators taken on the light-one, and being sandwihed between the hadroni
states. These matrix elements, whih aumulate the information about the long-distane dynamis of the proess,
are proess independent nonperturbative objets. Thus they are parametrized in terms of universal phenomenologial
funtions, and they an be measured with the help of dierent probes (e.g. photons and weak interation bosons).
There are several situations, where the handbag ontribution plays an essential role:
• Both initial and nal photons are highly virtual and have equal spae-like virtualities. This situation orre-
sponds to the forward virtual Compton sattering amplitude. Its imaginary part, through the optial theorem,
determines the struture funtions of deeply inelasti lepton sattering (DIS).
• The ondition on photon virtualities may be relaxed in a sense that the initial photon is still far o-shell but
the nal photon is real and the invariant momentum transfer to the hadron is small. The situation orresponds
to the nonforward virtual Compton sattering amplitude, whih is aessible through proesses suh as deeply
virtual Compton sattering (DVCS) and deeply virtual meson prodution.
• The onguration, in whih both photons in the initial and nal states are real but the invariant momentum
transfer is large. The physial proess orresponding to this situation is known as wide-angle real Compton
sattering.
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FIG. 1: Handbag diagram. In the lowest QCD approximation, both photons ouple to the same quark line through point-like
verties.
III. GENERALIZED PARTON DISTRIBUTIONS
The desription of spei aspets of the hadron struture is provided by several dierent phenomenologial
funtions. The well-known examples are the so-alled old phenomenologial funtions suh as form fators, PDFs and
distribution amplitudes sine they have been around for a long time. On the other hand, the onept of GPDs is new.
These new funtions, as hybrids of the old ones, provide the most omplete information about the hadron struture.
In fat, the old phenomenologial funtions are just the limiting ase of GPDs. Like PDFs, GPDs enapsulate
longitudinal momentum distributions of hadron's onstituents, however, at the same time, like form fators, they
also provide the information about their transverse oordinate distributions, and hene give a omprehensive three-
dimensional snapshot of the substruture of the hadron. Moreover, the universality of GPDs enables one to develop
a unied desription of wide variety of dierent hard (i.e. light-one dominated) proesses, both inlusive and exlusive.
In the symmetri partoni piture, see Fig. 2, we treat both the initial and nal hadron momenta symmetrially
by introduing the average hadron momentum p ≡ (p1 + p2) /2. Here x is the usual light-one momentum fration.
In addition, another saling variable is introdued, the so- alled skewness ξ. It is dened as the oeient of
the proportionality between the light-one plus omponents of the momentum transfer, r ≡ p1 − p2, and average
hadron momentum, ξ ≡ r+/2p+, and it speies the longitudinal momentum asymmetry. Clearly, in the skewed
(nonforward) kinematis GPDs unover muh riher information about the hadron struture, whih is not aessible
in DIS, or in general in any inlusive proess. By removing the parton with the light-one momentum fration x+ ξ
from the hadron, and replaing it at some later point on the light-one with the parton of fration x − ξ, GPDs
measure the oherene between the two parton momentum states in the hadron as well as their spin orrelations.
Finally, by onsidering two dierent hadrons in the initial and nal states one an study avor nondiagonal GPDs,
for example, in the proton-to-neutron transition aessible through the exlusive harged pion eletroprodution, the
proton-to-Λ transition in the kaon eletroprodution or the nuleon-to-∆ transition.
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FIG. 2: Symmetri partoni piture.
Sine −1 ≤ x ≤ 1, the momentum frations x ± ξ of the ative partons an be either positive or negative, and for
that reason GPDs have three distint regions. When ξ ≤ x ≤ 1 both partons represent quarks, while for −1 ≤ x ≤ −ξ
they are both antiquarks. In these two regions GPDs are just a generalization of PDFs. In the entral region,
−ξ ≤ x ≤ ξ, whih is often referred to as the mesoni region, the partons represent the quark-antiquark pair. Here
GPDs behave like meson distribution amplitudes.
At the leading twist-2 level, the hadron struture information an be parametrized in terms of two unpolarized
4and two polarized GPDs denoted by H , E and H˜ , E˜, respetively. They are funtions of three variables (x, ξ, t),
where t = r2 is the invatiant momentum transfer, and further they are dened for eah quark avor f . GPDs have
interesting properties linking them to PDFs and form fators. In the forward limit, p1 = p2, r = 0, ξ = 0, t = 0, they
redue to PDFs. In partiular, Hf and H˜f oinide with the quark density distribution fN (x) and the quark heliity
distribution ∆fN (x). We write the so-alled redution formulas,
Hf (x, 0, 0) =
{
fN (x) x > 0
−f¯N (−x) x < 0 (1)
and
H˜f (x, 0, 0) =
{
∆fN (x) x > 0
∆f¯N (−x) x < 0, (2)
while Ef and E˜f have no onnetions to PDFs. They are always aompanied with the momentum transfer, and
hene simply not visible in DIS. Even though they have no analogue in the forward limit their limits do exist. In the
loal limit GPDs redue to the standard nuleon elasti form fators (i.e. Dira, Pauli, axial and pseudosalar form
fators), ∫ 1
−1
dx Hf (x, ξ, t) = F1f (t) ,
∫ 1
−1
dx Ef (x, ξ, t) = F2f (t) , (3)∫ 1
−1
dx H˜f (x, ξ, t) = gAf (t) ,
∫ 1
−1
dx E˜f (x, ξ, t) = gPf (t) . (4)
We all these relations the sum rules.
GPDs in general are also relevant for the hadron spin struture. In terms of GPDs their seond moments at t = 0
give the quark total angular momentum,
Jq =
1
2
∑
f
∫ 1
−1
dx x [Hf (x, ξ, t = 0) + Ef (x, ξ, t = 0)] . (5)
On the other hand, by deomposing Jq into the quark intrinsi spin ∆Σ (measured through polarized DIS) and quark
orbital angular momentum Lq, Jq = ∆Σ/2 + Lq, we an aess Lq. Finally, sine the total nuleon spin omes from
quarks and gluons, 1/2 = Jq + Jg, we an extrat the total angular momentum Jg arried by gluons.
IV. DEEPLY VIRTUAL NEUTRINO SCATTERING
In reent years, signiant eort was made to study GPDs through measurements of hard exlusive eletroprodution
proesses. The simplest proess in this respet is the standard eletromagneti DVCS proess. Complementary to
DVCS dierent ombinations of quark avors an be aessed by utilizing the weak interation urrent in neutrino-
indued DVCS (or, alternatively deeply virtual neutrino sattering - DVNS), namely
ν (k)N (p1) −→ e− (k′)N ′ (p2) γ (q2) (6)
for the harged urrent, and
ν (k)N (p1) −→ ν (k′)N (p2) γ (q2) (7)
for neutral urrent reations. The presene of the axial part of the V −A interation enables to probe a dierent set
of GPDs, i.e. the harge onjugation odd ombinations of GPDs as well as harge onjugation even ombinations
and hene independently measure both the valene and sea ontent of GPDs. Furthermore, one deals with a dierent
avor deomposition, in partiular, less enhanement from u-quarks. An additional feature of the DVNS proess
is the study of GPDs that are not diagonal in quark avors, suh as those assoiated with the neutron-to-proton
transition.
In the most general ase, there are three relevant diagrams for a DVCS-like proess, see Fig. 3. The nuleon
blob with the boson leg, whih an be either a virtual photon or weak interation boson, and photon leg represents
5the virtual Compton sattering amplitude. This diagram is referred to as the DVCS diagram or the Compton
ontribution. The real photon an also be emitted by a lepton as depited in the remaining two diagrams. They
illustrate the Bethe-Heitler proess, where the lower blob with one boson leg stands for the eletroweak form fator,
while the upper part in eah diagram an be exatly alulable in QED.
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FIG. 3: DVCS (a) and Bethe-Heitler (b and ) diagrams ontributing to the leptoprodution of a real photon.
In the Bjorken regime, in whih the virtuality of the weak boson −q21 and the invariant mass of the weak
boson-nuleon system, s ≡ (p1 + q1)2, are both suiently large while the Bjorken ratio xB ≡ −q21/ [2 (p1 · q1)] is
kept nite, the behavior of the virtual Compton sattering amplitude is dominated by the light-like distanes. The
dominant light-one singularities are represented by two (s- and u-hannel) handbag diagrams, see Fig. 4, in whih
the hard quark propagator is onvoluted with GPDs. In addition, by keeping the invariant momentum transfer
to the nuleon as small as possible we arrive at the so-alled DVCS kinematis, s > −q21 ≫ −t. Aordingly, the
t-dependene enters only in the soft part of the amplitude.
νµ−z/2 −z/2ν z/2z/2µ
FIG. 4: The s- and u-hannel handbag diagrams for the virtual Compton sattering amplitude.
In our ase in terms of symmetri momentum variables, p ≡ (p1 + p2) /2 and q ≡ (q1 + q2) /2, the virtual Compton
sattering amplitude is given by the Fourier transform of the orrelation funtion of the eletromagneti and weak
(neutral or harged) interation urrents,
T µνW = i
∫
d4z eiq·z 〈N ′ (p− r/2, s2)|T {JµEM (z/2)JνW (−z/2)} |N (p+ r/2, s1)〉 . (8)
The weak urrent ouples to the quark urrent through two types of verties, qqZ0 and qqW±, and hene the quark
elds at oordinates ±z an either have the same or dierent avor quantum numbers. For that reason, we treat
these two ases separately. The method employed to study the amplitude (8) in the DVCS kinematis is based on the
nonloal light-one expansion of the time-ordered produt of urrents in terms of QCD biloal operators in oordinate
spae [12℄,
iT {JµEM (z/2)JνWN (−z/2)} = −
zρ
4π2z4
∑
f
Qf
{
cfV
[
sµρνηOf−η (z |0)− iǫµρνηOf+5η (z |0)
]
− cfA
[
sµρνηOf−5η (z |0)− iǫµρνηOf+η (z |0)
]}
, (9)
where Qf denotes the eletri harge of the quark with avor f (in units of |e|), cfV and cfA are the orresponding weak
vetor and axial vetor harges, sµρνη ≡ gµρgνη+gµηgρν−gµνgρη is the symmetri tensor and ǫµρνη the antisymmetri
6tensor in Lorentz indies (µ, ν), and further
Of±η (z |0) ≡
[
ψ¯f (z/2)γηψf (−z/2)± (z → −z)
]
, (10)
Of±5η (z |0) ≡
[
ψ¯f (z/2)γηγ5ψf (−z/2)± (z → −z)
]
, (11)
are the vetor and axial vetor biloal operators, respetively. Unlike the weak neutral urrent setor expliily
presented here, the expansion for the weak harged and eletromagneti urrents is a bit more ompliated due to
the fat that W± arries an eletri harge. Thus we end up with dierent nuleons in the initial and nal states and
aordingly, the biloal operators are aompanied with dierent eletri harges as well as avors.
Next we isolate the twist-2 part of these operators, and sandwih it between the initial and nal nuleon states.
To onstrut the parametrization for nonforward matrix elements on the light-one, we use a spetral representation
in terms of eight GPDs, whih have well-dened symmetry properties with respet to x. In partiular, in ase of the
weak neutral urrent we have
〈N (p2, s2)| Of± (z |0) |N (p1, s1)〉z2=0 = u¯ (p2, s2) 6zu (p1, s1)
∫ 1
−1
dx eixp·zH±f (x, ξ, t)
+u¯ (p2, s2)
(6z 6r− 6r 6z)
4M
u (p1, s1)
∫ 1
−1
dx eixp·zE±f (x, ξ, t) , (12)
〈N (p2, s2)| Of±5 (z |0) |N (p1, s1)〉z2=0 = u¯ (p2, s2) 6zγ5u (p1, s1)
∫ 1
−1
dx eixp·zH˜∓f (x, ξ, t)
−u¯ (p2, s2) (r · z)
2M
γ5u (p1, s1)
∫ 1
−1
dx eixp·zE˜∓f (x, ξ, t) . (13)
In ontrast to the eletromagneti DVCS proess, whih measures only the plus GPDs (i.e. the sum of quark and
antiquark distributions), the DVNS proess gives also aess to the minus distributions (i.e. the valene onguration)
assoiated with the axial part of the V − A interation. Moreover, it's important to note that sine the matrix
elements with the weak harged interation urrent involve dierent avor ombinations the orresponding GPDs,
whih parametrize these matrix elements, are nondiagonal in quark avor.
The nal expression for the weak neutral leading twist-2 Compton sattering amplitude reads
T µνWN = −
1
4 (p · q)
{[
1
(p · q2) (p
µqν2 + p
νqµ2 )− gµν
]
×
[
H+WN (ξ, t) u¯ (p2, s2) 6q2u (p1, s1) + E+WN (ξ, t) u¯ (p2, s2)
( 6q2 6r− 6r 6q2)
4M
u (p1, s1)
−H˜−WN (ξ, t) u¯ (p2, s2) 6q2γ5u (p1, s1) + E˜−WN (ξ, t)
(q2 · r)
2M
u¯ (p2, s2) γ5u (p1, s1)
]
+
[
1
(p · q2) iǫ
µνρηq2ρpη
]
×
[
H˜+WN (ξ, t) u¯ (p2, s2) 6q2γ5u (p1, s1)− E˜+WN (ξ, t)
(q2 · r)
2M
u¯ (p2, s2) γ5u (p1, s1)
−H−WN (ξ, t) u¯ (p2, s2) 6q2u (p1, s1)− E−WN (ξ, t) u¯ (p2, s2)
(6q2 6r− 6r 6q2)
4M
u (p1, s1)
]}
, (14)
where
H+(−)WN (ξ, t) ≡
∑
f
Qfc
f
V (A)
∫ 1
−1
dx
(x− ξ + i0)H
+(−)
f (x, ξ, t)
=
∑
f
Qfc
f
V (A)
∫ 1
−1
dx Hf (x, ξ, t)
(
1
x− ξ + i0 ±
1
x+ ξ
)
, (15)
E+(−)WN (ξ, t) ≡
∑
f
Qfc
f
V (A)
∫ 1
−1
dx
(x− ξ + i0)E
+(−)
f (x, ξ, t)
7=
∑
f
Qfc
f
V (A)
∫ 1
−1
dx Ef (x, ξ, t)
(
1
x− ξ + i0 ±
1
x+ ξ
)
, (16)
H˜+(−)WN (ξ, t) ≡
∑
f
Qfc
f
V (A)
∫ 1
−1
dx
(x− ξ + i0)H˜
+(−)
f (x, ξ, t)
=
∑
f
Qfc
f
V (A)
∫ 1
−1
dx H˜f (x, ξ, t)
(
1
x− ξ + i0 ∓
1
x+ ξ
)
, (17)
E˜+(−)WN (ξ, t) ≡
∑
f
Qfc
f
V (A)
∫ 1
−1
dx
(x− ξ + i0)E˜
+(−)
f (x, ξ, t)
=
∑
f
Qfc
f
V (A)
∫ 1
−1
dx E˜f (x, ξ, t)
(
1
x− ξ + i0 ∓
1
x+ ξ
)
, (18)
are the so-alled Compton form fators given by the integrals of GPDs. The amplitude (14) has both real and
imaginary parts. The real part is obtained by the prinipal value presription, whereas the imaginary part onstrains
evaluating GPDs at the spei point x = ±ξ.
In the laboratory frame as the target rest frame we hoose a oordinate system, in whih the weak boson four-
momentum has no transverse omponents, see Fig. 5. The dierential ross setion is given by
d4σ
dxBdQ21dtdϕ
=
1
32
1
(2π)
4
xBy
2
Q41
1√
1 + 4x2BM
2/Q21
|T|2 , (19)
where the invariant matrix element is the sum of both the Compton and Bethe-Heitler ontributions, T = TC +TBH .
Furthermore, we require the following:
• The energy of the inoming lepton beam is xed at ω = 20 GeV.
• The invariant mass squared of the weak boson-nuleon system should be above the resonane region, s ≥ 4 GeV2.
• The virtuality of the inoming boson has to be large enough to ensure light-one dominane of the sattering
proess, Q21 ≥ 2.5 GeV2.
• The momentum transfer squared should be as small as possible, e.g. 0.1 GeV2 ≤ |t| ≤ 0.2 GeV2.
We pik one kinematial point, in partiular with the parameters ω = 20 GeV, Q21 = 2.5 GeV
2
, xB = 0.35 and
y = 0.19, and plot the invariant momentum transfer as a funtion of the angle θBγ between the inoming virtual weak
boson and outgoing real photon, see Fig. 6. The values vary from −0.15 GeV2 at zero degrees up to −1 GeV2 at
θBγ = 12
◦
. Finally, we set the angle between the two planes to zero. In the so-alled in-plane kinematis the polar
angles of both inoming and sattered leptons are also xed to φ = 20.2◦ and φ′ = 25.3◦, respetively.
8x
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FIG. 5: The kinematis of the generalized DVCS proess in the target rest frame. The lepton momenta k and k
′
dene the
lepton sattering plane and the momenta of the nal photon and outgoing nuleon dene the nuleon sattering plane.
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FIG. 6: Invariant momentum transfer as a funtion of the sattering angle between the inoming virtual weak boson and
outgoing real photon.
We use a simple model for nuleon GPDs [13, 14, 15, 16, 17℄ with the following assumptions: the sea quark
ontribution is neglibile and hene the plus and minus distributions oinide; the t-dependene of GPDs, whih is
driven by the orresponding nuleon form fators, fatorizes from the dependene on the other two saling variables,
x and ξ; the ξ-dependene of GPDs appears only in the E˜f distribution.
In the weak neutral ase we onsider a neutrino-indued DVCS on a proton target through the exhange of Z0.
There is no Bethe-Heitler ontamination (the photon annot be emitted from the neutrino leg) and for that reason,
we measure the pure Compton ontribution,
Tνp =
√
2 |e|GF u¯ (k′) γν (1− γ5) u(k)ǫ∗µ (q2) T µνWN . (20)
In the weak harged urrent setor we examine sattering o neutrinos, whih onvert into muons by emission of W+,
on a neutron target. Here in addition to the Compton part,
TCνn =
√
2 |e|GF u¯ (k′) γν (1− γ5) u (k) ǫ∗µ (q2) T µνWC , (21)
9the Bethe-Heitler ontribution is present,
TBHνn =
√
2 |e|GF ǫ∗µ (q2) u¯ (k′)
[
γµ ( 6k′+ 6q2) γν (1− γ5)
(k′ + q2)
2
]
u (k) 〈p (p2, s2)| JCCν (0) |n (p1, s1)〉 , (22)
however, it's given only by diagram (b) of Fig. 3. Moreover, the isospin symmetry is used to express the nuleon
matrix elements that are nondiagonal in quark avor in terms of avor diagonal matrix elements [18℄.
V. RESULTS
We present the ross setion results for θBγ ≤ 12◦, whih orresponds to taking the invariant momentum transfer
−t < −1 GeV2. The harged urrent Compton ross setion is larger than for the neutral urrent interation,
see Fig. 7. We ompare the magnitude of the Compton ontribution relative to the orresponding Bethe-Heitler
bakground by plotting both ross setions together on a logarithmi sale, see Fig. 8. The Compton ross setion
is signiantly larger than the Bethe-Heitler signal. Note also that for the Bethe-Heitler ross setion one should
expet a pole at the sattering angle θBγ = 25.3
◦
when the sattered muon is ollinear with outgoing real photon.
On the other hand, in the eletromagneti urrent ase the Bethe-Heitler ontribution is larger than the Compton for
θBγ > 3
◦
, see Fig. 9. Finally, we plot the ratio of Compton versus Bethe-Heitler ross setions for both weak harged
and eletromagneti DVCS. In the forward diretion (i.e. for θBγ ≤ 4◦) the Bethe-Heitler ross setion is strongly
supressed by a fator more than 100 ompared to the Compton ontribution for the weak harged interation urrent,
whereas in the eletromagneti urrent ase the ratio between the ross setions remains of order unity, see Fig. 10.
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FIG. 7: Compton ross setions for the weak neutral DVCS with the neutrino beam (solid line), eletron beam (dashed line),
and weak harged DVCS with the neutrino beam (dotted line).
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FIG. 8: Compton (dashed line), Bethe-Heitler (dotted line), magnitude of interferene (dashed-dotted line), and total (solid
line) ross setions for weak harged DVCS.
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FIG. 9: As in Fig. 8 but for eletromagneti DVCS.
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FIG. 10: Ratio of Compton and Bethe-Heitler ross setion for weak neutral DVCS with the eletron beam (solid line), weak
harged DVCS with the neutrino beam (dashed line), and eletromagneti DVCS (dotted line).
VI. SUMMARY AND OUTLOOK
GPDs provide the most omplete and unied desription of the internal quark-gluon struture of hadrons, whih
an be probed through wide variety of both inlusive and exlusive hard proesses.
DVNS is an important tool to omplement the study of GPDs in the more familiar eletro-indued DVCS. In
addition to dierent ombinations and avor deomposition of GPDs, providing a diret measurement of their valene
and sea ontents, the proess enables one to aess the distributions that are nondiagonal in quark avor.
We have omputed the twist-2 Compton sattering amplitudes for both weak neutral and weak harged interation
urrents by means of the light-one expansion of the urrent produt in oordinate spae. Using a simple model for
the nuleon GPDs, whih only inludes the valene quark ontribution, we gave predition for ross setions in the
kinematis relevant to future high-intensity neutrino experiments.
Unlike the standard eletromagneti DVCS proess, we nd that at small sattering angles the Compton
ontribution is enhaned relative to the orresponding Bethe-Heitler ontribution. Thus a ontamination from the
Bethe-Heitler bakground is less of a problem when extrating the weak DVCS signal.
In the future we plan to use more realisti model for nuleon GPDs, whih also inludes sea quark eets, elaborate
separately ontributions from the plus and minus distributions, and inlude the twist-3 terms in order to apply the
formalism at moderate energies.
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